INTRODUCTION
Measles virus is a negative stranded RNA virus of the Paramyxoviridae family.
Despite the existence of an effective live attenuated vaccine based on the MV-Edmonston strain (MV-Edm), MV remains amongst the 10 most potent global pathogens, killing over 1 million children annually in countries where vaccination is not routine (1) .
The MV envelope comprises hemagglutinin (H) and fusion (F) glycoproteins. While H binds to the MV receptors CD46 (2, 3) and SLAM (signaling lymphocytic activation molecule) (4, 5) , F carries a hydrophobic fusion peptide which mediates membrane fusion upon receptor binding of H (6) . MV H is thought to exist at the viral surface as a tetramer comprising a dimer of two covalently linked dimers (7), whereas F is considered to trimerize. Upon synthesis as an inactive precursor F 0 , the protein becomes proteolytically activated in the trans-Golgi network by furin yielding a large transmembrane F 1 and a small F 2 fragment. 
fragment of p(+)MV-GFP (31) into SacII NotI digested plasmids p(+)MV-(H)H Edm -ER and p(+)MV-(H)F Edm -ER, resulting in plasmids p(+)MV-GFP (H)H Edm -ER and p(+)MV-GFP (H)F Edm -ER.

Western analysis and deglycosylation
For Western analysis, 4x10 5 
Metabolic labeling and immunoprecipitation
Transfected Vero cells were incubated for 30 min in labeling medium lacking cysteine, methionine, and ammonium sulfate then labeled with 100 µCi/ml 
Sucrose gradient fractionation
Transfected Vero cells (2x10 6 ) were scraped in resuspension buffer (10 mM Tris, pH 7.4; 10 mM sodiumchloride; 1% Triton X-100; 0.5% sodium deoxycholate) containing protease inhibitors and 1 mM PMSF and 600 µg total protein was layered onto a 10-26% sucrose gradient prepared in resuspension buffer containing 0.1% Triton X-100. For control, proteins were treated with 0.5% SDS on ice prior to loading. Gradients were centrifuged in an SW41 rotor for 18 h at 38,000 rpm at 10˚C and 10 equal fractions were collected. Proteins were precipitated with trichloroacetic acid, resuspended in urea buffer, and subjected to Western analysis. Western analysis using antibodies specific for F tail.
Rescue of mutant viral particles
Recombinant MV particles were generated essentially as described (26 
Homo-oligomerization capacity of ER-localized MV proteins is unchanged
To analyze whether the presence of the ER retention signals influences native folding of H Edm -ER and F Edm -ER, their ability to homo-oligomerize was monitored. Covalently linked H-H homo-dimers were detected by separation of transiently expressed material under reducing and non-reducing conditions ( Fig. 2A ). Both H Edm and H Edm -ER migrated exclusively as dimers under non-reducing conditions, while treatment of cell lysates with 1.5% DTT resulted in migration of both variants as monomers.
Because MV F protein is thought to exist as a non-covalently linked trimer, sucrose gradient fractionation of F Edm -ER or F Edm proteins was employed to detect oligomeric versions (Fig. 2B) . The majority of unmodified F 0 was found in fraction 5 corresponding to the molecular weight of an F trimer as determined by comparison with molecular weight marker proteins. Cleavage of F 0 into F 1 seemed to reduce the stability of the trimers since an increasing amount of F 1 material was found in earlier fractions of the gradient corresponding to monomeric F protein. F Edm -ER was not proteolytically processed and its F 0 form was predominantly found in fraction 5, although some antigenic material corresponding to higher order complexes could be detected. Treatment of both F Edm and F Edm -ER with 0.5% SDS resulted in a shift of protein to the monomeric form sedimenting in fraction 3 of the gradient due to destruction of non-covalent complexes.
Thus, F and H homo-oligomerization capacities are unchanged by their ER retention.
Intracellularly retained MV glycoproteins reduce transport kinetics of their unmodified homologues
We assessed the biological consequence of the ER-localization of F Edm -ER and H Edm -ER by studying their effect on syncytium induction mediated by unmodified MV H and F when transiently co-expressed in Vero cells (Fig. 3A) . Using a five-fold excess of the ER-retained constructs to establish more stringent retention of the unmodified proteins, only very few isolated syncytia could be detected in contrast to the massive formation of syncytia in cells expressing the unmodified proteins alone (Fig. 3B) . Subsequent Western analysis of cell lysates revealed that in the presence of F Edm -ER, proteolytic processing of F Edm to F 1 was strongly inhibited, whereas in its absence, F Edm was efficiently processed to F 1 indicating transport to post-ER compartments (Fig. 3C) .
Similarly, in the cells co-expressing H Edm -ER (Fig. 3D) To address whether hetero-oligomerization of the ER-retained glycoproteins with their unmodified counterparts also contributes to the dominant negative phenotype, their influence on transport kinetics of H Edm and F Edm was investigated by pulse-chase analysis ( Fig. 4A and B) . Flag-epitope tagged versions of H Edm and F Edm proteins were used for these experiments to achieve identical immunoprecipitation conditions. Transport kinetics of the tagged glycoproteins were shown not to be influenced by the Flag-epitope itself ( (7) and data not shown).
In the presence of equivalent amounts of H Edm and F Edm -ER, kinetics of carbohydrate chain conversion of H Edm to the Golgi-specific pattern was significantly reduced, with far less than 50% conversion after 180 minutes (Fig. 4A) Western analysis (Fig. 4C) . The relative efficiency of co-precipitation was determined for each sample by comparison with directly loaded total cell lysates (TL). F Edm -ER not only co-precipitated with H Edm but this interaction was significantly more efficient than that of the unmodified parental proteins F Edm with H Edm . Similarly, the reciprocal coimmunoprecipitation of F Edm with H Edm -ER was substantially more efficient than that of F Edm with H Edm (Fig. 4C ). For control, cells were co-transfected with both ER-retained glycoproteins; as expected very efficient co-precipitation was observed under these conditions. Thus, the dominant negative effect of the ER-retained species on syncytium formation is attributable to both homotypic interaction of F Edm -ER with F Edm or H Edm -ER with H Edm and heterotypic oligomerization of F Edm -ER trimers with H Edm or H Edm -ER complexes with F Edm .
Mutant MV additionally expressing F Edm -ER shows reduced cytopathicity and release
To address the interference function of H Edm -ER, which displayed the stronger negative effect on syncytium formation, in a viral infection, an MV susceptible HT1080 cell line stably expressing H Edm -ER was generated. When infected with MV-Edm, however, generation of cell associated infectious MV particles was unaffected, although release of virus was reduced at early time points (data not shown). Assessing the relative levels of nuclear and virally encoded H proteins demonstrated that the virus overcomes any inhibitory effects of H Edm -ER by producing a vast excess of virally encoded H Edm .
To express ER-retained glycoproteins at higher levels in the context of a viral infection, the genes encoding H Edm -ER and F Edm -ER were thus inserted as additional transcription units downstream of either P or H in a positive strand copy of the MV genome (Fig. 5A ). Due to a transcription gradient described for MV, levels of gene expression from the P position are about three times higher than from the H position (36) .
In repeated attempts none of these recombinant MVs could be recovered, while parallel rescues of unmodified MV-Edm were successful (data not shown).
To facilitate detection of infection, full length genomes carrying GFP in addition to H Edm -ER and F Edm -ER in post-H position were generated (Fig. 5A ). While MV-GFP (H)H Edm -ER could not be rescued, MV-GFP (H)F Edm -ER was recovered and the integrity of the insert in the viral genome confirmed for several independent clones by RT-PCR and DNA sequencing (data not shown). When a single infectious center of either MV-
GFP (H)F Edm -ER or MV-GFP was transferred to Vero cells, MV-GFP spread completely
through the cell monolayer by five days post infection (Fig. 5B) . In contrast, MV-GFP (H)F Edm -ER demonstrated a greatly reduced lateral spread characterized by the formation of very few defined syncytia even 7 days post infection.
comparison with MV-GFP, with approximately 100-fold less particles released at 48 to 56 hours post infection (Fig. 5C ). This finding mirrored our previous observation of delayed particle release from HT1080 H Edm -ER cells. Consistent with the viral growth curve, barely detectable levels of F 1 in released MV-GFP (H)F Edm -ER particles were found 64 hours post infection, while F 1 incorporated into MV-GFP was detected 48 hours post infection (Fig. 5D ). In MV-GFP infected cells, F 1 was detected 40 hours post infection, and the F 1 signal was stronger than the F 0 signal (Fig. 5E ), a pattern of F expression consistent in MV infections. In MV-GFP (H)F Edm -ER infected cells however, appearance of F 1 was greatly delayed as compared to F 0 , with a faint F 1 band visible only after 48 hours (Fig. 5E ). In contrast, ER-export of MV H, as measured by conversion from core to Golgi-specific complex N-linked oligosaccharide chains, was only slightly reduced ( Fig. 5F ), suggesting a stronger homotypic interaction in the context of this virus.
Thus, in the presence of virally encoded F Edm -ER protein, transport of MV F and release of viral particles is significantly impaired resulting in a diminished cytopathic effect.
DISCUSSION
Our study demonstrates that ER-localized MV H and F proteins interfere with the ERexport of their unmodified homologues via both homo-and hetero-oligomerization.
Importantly, ER-retention of H and F has biological consequences, not only diminishing their ability to induce cell-cell fusion upon transient expression but also reducing particle release in the context of a viral infection.
While a concern of our approach may be that ER-retention of MV H and F results in formation of non-native multimers, the demonstration that both proteins are able to homo-oligomerize efficiently suggests that this is not the case. Furthermore, that ERretained SV5 and HPIV-3 HN and F carrying similar retention signals do not interact with their unmodified counterparts (19) suggests that our contrasting findings are not a general consequence of the approach, but rather reflect a specific property of MV glycoprotein complex formation.
Given the native conformation of our ER-retained MV glycoproteins and their inhibitory effect on biological activity of unmodified H and F through both homo-and hetero-oligomerization when transiently expressed, it was feasible to assess their impact on virus replication. When ER-retained and non-retained glycoproteins were both virally encoded, the retained proteins apparently had a strong negative effect on virus viability.
Several recombinant MV genomes were constructed, but only that expressing the protein ratio is reversed, however, could not be rescued.
In contrast to our findings, ER-retained HN and F proteins of the related SV5 and human parainfluenza virus type 3 (HPIV-3) do not interact with their unmodified homologues when transiently expressed (19) . For these Paramyxoviruses, it is therefore likely that HN and F interact functionally only at the cell surface, a strategy which may prevent fusion in inappropriate cellular compartments after furin cleavage. That MV H and F proteins do interact in the ER suggests MV must either adopt a different mechanism to prevent premature fusion, or must not require such a strategy at all. It is intriguing to speculate that distinct entry mechanisms for different Paramyxoviruses may confer virus-specific requirements for fusion regulation. The receptor for both SV5 and HPIV-3, and all Paramyxoviridae with neuraminidase activity, is the abundant ganglioside sialic acid (37, 38) . In contrast, MV uses a specific protein, either CD46 or SLAM as a receptor (2-4). These proteins may be less available for early fusion than sialic acid, rendering the problem of inappropriate intracellular less pronounced for MV.
In conclusion, the data obtained in our study show that MV H and F glycoprotein oligomers associate in the ER and that this interaction has relevance for efficient virus replication. Thus, the ER may be considered an assembly site of functional MV glycoprotein complexes. Although we have not observed any escape mutants of the virus expressing F Edm -ER so far, it is intriguing whether extended passaging results in the appearance of such mutants with altered glycoprotein complex stability. Analysis of these mutations may allow further insight into requirements for the interaction of H and F and thus into the earliest steps of MV particle assembly. by guest on October 30, 2017 
